The effect of vitamins E, C and β -carotene supplementation in sows on the parameters of antioxidative/oxidative status during the postpartum period was investigated. Twenty four primiparous sows, divided into two groups (experimental and control), were included in the study. After the half-way point of pregnancy until farrowing, each experimental sow received feed supplemented twice a week with 200 mg of vitamin E and 1000 mg of vitamin C, and additionally, 70 mg of β-carotene were administered via intramuscular injection, on day 14 and day 7 before farrowing. The control group was not supplemented. Blood samples were collected before supplementation (gestational day 57-58), 48 hours and 7 days after parturition. The following antioxidative and oxidative parameters were measured using spectrophotometric methods: glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), catalase (CAT), vitamin C, vitamin E, thiobarbituric acid reactive substances (TBARS), and sulfhydryl groups (SH groups). In supplemented sows the erythrocyte activity of GSH-Px and CAT was found to be significantly higher on day 7 after farrowing and the activity of SOD was significantly higher at 48 hours postpartum, compared to the control group. The concentration of vitamins C and E in plasma of the supplemented group was found to be significantly higher and the content of TBARS was found significantly lower at both postpartum measurement points, compared to the control group. The content of SH groups was significantly higher on day 7 postpartum, compared to the control group. The study findings indicate that supplementation of pregnant sows with vitamins E, C and β-carotene in the second half of pregnancy has beneficial effects on the antioxidative/oxidative balance in the postpartum period by increasing the antioxidative potential and reducing lipid and protein peroxidation.
Introduction
A balance between production and neutralisation of reactive oxygen species (ROS) is essential for maintaining homeostasis and the good health of humans and animals. The antioxidant defense system, involving antioxidant enzymes and numerous non-enzymatic endogenous and exogenous antioxidants, is responsible for safe levels of ROS (Halliwell 2006) . Antioxidative/oxidative imbalance, caused by excessive production of ROS or/and inefficient antioxidant mechanisms, induces oxidative stress, which is harmful as it leads to oxidative damage to macromolecules, impairs the metabolism and immunity, and can ultimately result in the development of many diseases (Halliwell 2006 , Lykkesfeldt and Svendsen 2007 , Sordillo and Aitken 2009 ).
The results of numerous studies indicate that ROS are overproduced during pregnancy (Casanueva and Viteri 2003) , delivery (Mocatta et al. 2004 ) and postpartum (Markiewicz et al. 2005 , Kankofer et al. 2010 . ROS overproduction causes oxidative stress in mothers and newborns, which is likely to lead to various postpartum diseases (Miller et al. 1993 , LeBlanc et al. 2004 , Kankofer et al. 2010 .
Since ROS have been implicated in the aetiology of many diseases in humans and animals, prevention of these diseases by the administration of various antioxidant compounds arouses much interest. Amongst the factors that can modify oxidative stress, special attention has been paid to vitamin E, vitamin C and β-carotene, whose antioxidative properties have been well documented and which can be easily and safely used as dietary and parental supplements. All three vitamins belong to the main non-enzymatic antioxidants (Chan 1993) . They have been demonstrated to reduce oxidative damage to lipids, proteins and nucleic acids (Sies and Murphy 1991) . These vitamins are known to show a synergic effect if they exist together as antioxidants (Chan 1993) . The synergy between vitamin E and C consists in regeneration of vitamin E by vitamin C (Chan 1993) . Unlike vitamin E, vitamin C is capable of scavenging the hypochlorous acid and the tyrosyl radical and protects lipids against reactive nitrogen species-induced oxidation (Carr et al. 2000) . Vitamin E protects the double bonds of β-carotene against peroxidation; β-carotene also has the ability to break the chain reaction of lipid peroxidation. Unlike vitamin E, which acts more efficiently at higher oxygen concentrations, β-carotene shows better action at low partial oxygen pressure (Stahl and Sies 1997) . Taking into account the synergy between these vitamins we may expect better effects of supplementation of all three vitamins than one individual vitamin on antioxidative/oxidative status of humans and animals.
Numerous studies have shown beneficial effects of supplementation of individual vitamins on pig health and reproductive performance (Mahan 1994 , Kostoglou et al. 2000 , Pinelli-Saavedra and Scaife 2005 ; however, the data regarding effects of administration of all three vitamins to pregnant sows on their antioxidative/oxidative status are lacking.
The aim of the present study was to determine the effect of vitamin E, C and β-carotene supplementation in sows on parameters of antioxidative/oxidative status during the postpartum period.
Materials and Methods

Animals and material collection
The study design was approved by the Local Ethics Committee for Experiments with Animals appointed by the University of Life Sciences in Lublin.
Twenty-four Polish Large White and Polish Large White x Polish Landrace primiparous sows were included in the study. All the animals came from one closed-cycle production farm. Once the pregnancy was diagnosed, the sows were penned in individual crates. Approximately 8-10 days before the expected farrowing date, the animals were moved to the farrowing unit and kept in individual farrowing creates. During pregnancy, the sows were fed according to the changing demands for nutrients and energy. The feed was prepared in the farm's mixer and contained: barley, oats, wheat bran, rapeseed cake, soybean meal, mineral lick, and premix for pregnant sows. The study animals were divided into two groups -experimental (group A) and control (group B), 12 sows each. After the half-way point of pregnancy (gestational day 57-58) until farrowing, each experimental sow received feed supplemented twice a week with 200 mg of vitamin E and 1000 mg of vitamin C (Polfasol ® EC
(vitamin E 0.02g, vitamin C 0.1g, vehicle ad 1.0g), Polfa Kutno, Poland). Polfasol was added to the trough individually for each sow during feeding. Additionally, the experimental animals were administered intramuscular β-carotene (Carofertin ® (β-carotene 10 mg, solvent ad 1 ml), Werfft-Chemie GmBH, Vienna, Austria) at a dose of 70 mg/sow at 14 and 7 days before farrowing. The control group was not supplemented. All sows included in the study were clinically healthy, farrowings occurred spontaneously (not induced) on gestational day 115-116. Furthermore, no obstetrical assistance was given, and no drugs were administered throughout the study period. Blood samples were collected from the cranial vena cava before supplementation (gestational day 57-58), 48 hours and 7 days after farrowing. Plasma was obtained by blood centrifugation. After haemoglobin determination in the suspension of erythrocytes, which remained after plasma collection, haemolysis was performed with cold distilled water. The prepared plasma and haemolysates were immediately frozen at -76 o C and stored deeply frozen until determinations. Haemolysates were used for antioxidative enzyme activity determinations (glutathione peroxidase (GSH-Px), superoxide dismutase (SOD) and catalase (CAT)). In the blood plasma, the concentrations of vitamin E, vitamin C, products of lipid peroxidation (thiobarbituric acid reactive substances -TBARS) and protein peroxidation (SH groups) as well as total protein were determined.
Biochemical analyses
The erythrocyte activity of antioxidant enzymes in erythrocytes was determined spectrophotometrically using the Ultrospec 2000 (Pharmacia, Uppsala, Sweden). The activity of GSH-Px was measured at 340 nm according to the Paglia and Valentine (1967) method. The results were expressed in nanokatals per gram of haemoglobin (nkat/g Hb). The activity of SOD was determined at 340 nm using the method described by Sun and Zigman (1978) and expressed in SOD units per gram of haemoglobin (U-SOD/g Hb).
CAT activity was measured at 480 nm according to the Cohen et al. (1970) method. The results were presented in nkat/g Hb.
The concentration of vitamin E was estimated using the spectrophotofluorimetric method described by Hansen and Warwick (1966) using a LS 30 Spectrophotofluorimeter (Parkin Elmer Inc., Massachusetts, USA) at wave lengths of 280 nm and 310 nm. The results were expressed in μg/ml.
The concentration of vitamin C was determined spectrophotometrically at 520 nm (Ultrospec 2000, Pharmacia, Uppsala, Sweden) according to the Omaye et al. (1979) method. The results were expressed in mmol/g protein.
The concentration of TBARS was measured spectrophotometrically at 532 nm (Ultrospec 2000, Pharmacia, Uppsala, Sweden) according to the method described by Ledwozyw et al. (1986) and expressed in μmol/g protein.
The content of SH groups was determined spectrophotometrically according to the Rice-Evans et al. (1991) method. The reaction mixture absorbance was measured at 412 nm (Ultrospec 2000, Pharmacia, Uppsala, Sweden). The results were expressed in μmol/g protein.
The protein contents of plasma samples were measured by the biuret method using commercial assay kits (Cormay, Lublin, Poland) based on spectrophotometric measurement (Ultrospec 2000, Pharmacia, Uppsala, Sweden). These values were only used for recalculations of examined parameters for more objective comparisons between different sources of samples.
Statistical analysis
Statistical analysis was performed using Statistica 6.0 (Statistica Software, Poland). The data were found to be normally distributed in accordance with the Kolmogorov-Smirnov test. The Student's t-test was used for analysis of statistical significances. All data were presented as means ± standard deviation of the means (SD). The level of significance was set at P<0.05.
Results
Before supplementation the mean values of the examined parameters did not differ significantly (p>0.05) between the examined groups of sows. The activity of GSH-Px significantly increased (p<0.001) after farrowing both in the experimental and control group. GSH-Px activity in the experimental group was found significantly higher (p<0.05) compared to the control group only at day 7 postpartum. The activity of SOD in both groups increased after farrowing compared to the pre-supplementation period. A significant difference was found in the experimental group at 48 h (p<0.001) and at day 7 (p<0.01) after farrowing and in the control group only at day 7 postpartum (p<0.01). At 48 h postpartum the activity of SOD was significantly higher (p<0.001) in the experimental group than in the control group. CAT activity in the experimental group was significantly higher at 48 h (p<0.01) and at day 7 (p<0.001) after farrowing compared to the pre-supplementation period. In the control group, at both postpartum measurement points CAT activity did not differ significantly (p>0.05) compared with the pre-supplementation period. At day 7 after farrowing CAT activity in the experimental group was significantly higher (p<0.01) compared to the control group (Table 1) .
In the experimental group, the concentration of vitamin E significantly increased (p<0.001) at both postpartum measurement points whereas in the control group, this concentration significantly decreased (p<0.01) at 48 h after farrowing compared to the pre-supplementation period. The concentration of vitamin E was significantly higher (p<0.001) in the experimental group than in the controls both 48 h and 7 days after farrowing (Table 2) . A -experimental (supplemented) group; B -control group; a -p<0.01 compared to baseline (before supplementation); b -p<0.001 compared to baseline (before supplementation); * -p<0.05 compared to control group; ** -p<0.01 compared to control group; *** -p<0.001 compared to control group Table 2 . Plasma concentration of vitamin E and vitamin C in the examined group of sows (means ± SD). A -experimental (supplemented) group; B -control group; a -p<0.01 compared to baseline (before supplementation); b -p<0.001 compared to baseline (before supplementation); * -p<0.05 compared to control group; ** -p<0.01 compared to control group; *** -p<0.001 compared to control group
The concentration of vitamin C decreased in both groups of sows after farrowing compared to the pre-supplementation period. Significant differences (p<0.001) were found at 48 h postpartum in the control group and at day 7 in both groups. The concentration of vitamin C was significantly higher in the experimental group than in the control group both 48 h (p<0.01) and 7 days (p<0.05) after farrowing (Table 2 ).
In the experimental group, TBARS concentrations at 48 h after farrowing were similar to the pre-supplementation values whereas 7 days after parturition they decreased markedly but no significant difference was found (p>0.05). In the control group, TBARS concentrations at 48 h after farrowing significantly increased (p<0.01) compared to pre-supplementation values. At both measurement points after farrowing, the concentration of TBARS in the experimental group was significantly lower (p<0.001) than that in the control group (Table 3) .
In the experimental group the concentration of SH groups increased significantly (p<0.01) after farrowing compared with the pre-supplementation period. At day 7 after parturition, the concentration of SH groups was significantly higher (p<0.01) in the supplemented group than in the control (Table 3) .
Discussion
The aim of the study was to determine the effect of supplementation of the pregnant sows with vitamin E, C and β-carotene on their antioxidative/oxidative status in the postpartum period. Our results indicate that combined use of these vitamins in the second half of pregnancy exerted beneficial effects on postpartum antioxidative-oxidative status.
The key elements of cell antioxidant defense are antioxidant enzymes. SOD together with GSH-Px and CAT, are the first-line antioxidant protection of any cell (Halliwell 2006) . Our findings demonstrated that the combination of antioxidant vitamins stimulated the activity of antioxidant enzymes in erythrocytes of the supplemented sows, which was consistent with the earlier studies of other authors (Rodrigez-Porcel et al. 2002 , Tauler et al. 2002 . Rodrigez-Porcel et al. (2002) observed increased activities of GSH-Px, SOD and CAT in pig myocardial tissues after a 12-week supplementation with vitamin E at a dose of 100 mg/kg fodder and vitamin C at a dose of 1g per animal. Tauler et al. (2002) showed that supplementation with an antioxidant cocktail of vitamin E, vitamin C and β-carotene for 90 days significantly increased the activity of SOD and CAT in neutrophils of sportsmen. In turn, Zaidi and Banu (2004) found that both vitamin E alone and in combination with vitamins A and C was effective in enhancing the activities of SOD and CAT in stressed rats. The mechanisms through which exogenous vitamins affect the endogenous system of antioxidant defense have not been fully explained. Their effects on genes encoding the synthesis of antioxidant enzymes are considered to be likely (Franco et al. 1999) .
Vitamin E is the most important fat-soluble antioxidant and the main element of the first-line defence against fat-soluble peroxyl radicals (Stahl and Sies 1997) . Our findings showed that administration of vitamin E with vitamin C and β-carotene to sows during pregnancy resulted in higher vitamin E concentrations in the plasma of the supplemented sows after farrowing, compared to the sows without supplementation. The above results correlate with those presented by Pinelli-Saavedra and Scaife (2005) as well as Pinelli-Saavedra et al. (2008) . These authors observed that vitamin E and C supplements (vitamin E 200mg/kg feed + vitamin C 1g/day) received throughout the pregnancy resulted in a significantly higher serum concentration of vitamin E in the supplemented sows at 21 day postpartum compared to the controls and the group supplemented only with vitamin E (200 mg/kg feed). Chao et al (2002) investigated the effects of the supplementation with vitamin C or/and E on the antioxidant system in the hemodialysis of humans and demonstrated that after a 6-week supplementation, the vitamin C+E -supplemented group had significantly higher plasma vitamin E compared with the individual vitamin supplemented groups and the control group. Similarly, Tauler et al. (2002) showed that a combined supplementation with vitamin E, vitamin C and β-carotene significantly increased the plasma levels of vitamin E in humans.
Vitamin C belongs to water-soluble antioxidants and is considered the major antioxidant in extracellular fluids (Stahl and Sies 1997) . It is believed that pigs synthesise sufficient amounts of vitamin C to cover their body demands under normal conditions and they do not require its supplementation. However, oxidative stress as well as stress situations during the perinatal period and possible transfer of vitamin C to foetuses and milk increase vitamin C requirements (Ching et al. 2001, Zaidi and Banu 2004) . Our study demonstrated that despite the administration of vitamin C together with vitamin E and β-carotene to the pregnant sows, its concentration in the postpartum period was lower than the pre-supplementation values. However, in the supplemented sows, the vitamin C concentration was significantly higher than in the sows without supplementation. It is difficult to determine whether higher concentrations of vitamin C in the supplemented sows were affected by its administration combined with other antioxidants. Previous studies in which pregnant sows were supplemented with vitamin C alone at a dose 1g per sow daily found an increase in its plasma concentration after farrowing compared to the control group, but no significant difference was found (Yen and Pond 1983, Pinelli-Saavedra and Scaife 2005) . The results presented by Lauridsen et al. (1999) revealed that high doses of vitamin E administered to sows did not affect the plasma vitamin C concentrations. Likewise, Pinelli-Saavedra and Scaife (2005) noted that the combined administration of vitamin E and C to sows did not cause an increase in the vitamin C concentrations at day 21 postpartum compared to the pre-supplementation values and those in the controls. However, combined use of vitamin E and C in humans resulted in double increases in their concentrations compared to administration of each vitamin separately (Huang et al. 2002) . Also Chao et al (2002) demonstrated that humans supplemented with vitamin C and E had significantly higher plasma vitamin C levels compared with humans supplemented with only one of these vitamins.
The study findings demonstrated significantly lower concentrations of TBARS and significantly higher concentrations of SH groups in the supplemented group than in the group without supplementation. This indicates that vitamin E, C and β-carotene supplied to pregnant sows increased the ability to protect lipids and proteins against ROS attacks in the postpartum period. Reduced plasma concentrations of TBARS in the sows supplemented only with vit-amin E at a dose of 235 mg/kg fodder were earlier demonstrated by Duthie et al. (1989) . However, such effects were not observed in piglets receiving vitamin E at a dose of 100 and 200 mg/kg fodder (Lauridsen et al. 1999) . Our results confirm findings of similar studies in humans (Bolisetty et al. 2002 , Chao et al. 2002 , Huang et al. 2002 . Bolisetty et al. (2002) supplemented pregnant women with vitamin E, vitamin C and β-carotene, and found that the plasma level of malondialdehyde (MDA) at delivery was significantly lower in the supplemented group compared to the control group. Chao et al (2002) reported lower plasma lipid peroxides in the vitamin C+E -supplemented group of humans compared with the individual vitamin supplemented groups and the control group. Huang et al. (2002) showed that supplementation with a combination of vitamins E and C reduced lipid peroxidation measured based on an evaluation of the urinary 8-isoprostaglandin F 2α , MDA and 4-hydroxyalkenals.
Data regarding effects of supplementation of vitamin E, C and β-carotene on protein peroxidation in sows are lacking. Studies in humans show that vitamin E supplementation reduces oxidative damage to proteins (Reznick et al. 1992) . Likewise, supplementation with vitamin C reduces protein peroxidation in humans and experimental animals (Barja et al. 1994 , Carty et al. 2000 .
In conclusion, our study findings indicate that supplementation of pregnant sows with vitamins E, C and β-carotene in the second half of pregnancy has beneficial effects on the antioxidative/oxidative balance in the postpartum period by increasing the antioxidant potential and reducing lipid and protein peroxidation.
